This study is the first known to use network meta-analysis to simultaneously evaluate the effectiveness of interventions to increase the prevalence of functioning smoke alarms in households with children. The authors identified 24 primary studies from a systematic review of reviews and of more recently published primary studies, of which 23 (17 randomized controlled trials and 6 nonrandomized comparative studies) were included in 1 of the following 2 network meta-analyses: 1) possession of a functioning alarm: interventions that were more ''intensive'' (i.e., included components providing equipment (with or without fitting), home inspection, or both, in addition to education) generally were more effective. The intervention containing all of the aforementioned components was identified as being the most likely to be the most effective (probability (best) ¼ 0.66), with an odds ratio versus usual care of 7.15 (95% credible interval: 2.40, 22.73); 2) type of battery-powered alarms: ionization alarms with lithium batteries were most likely to be the best type for increasing functioning possession (probability (best) ¼ 0.69). Smoke alarm promotion programs should ensure they provide the combination of interventions most likely to be effective. accident prevention; meta-analysis; smoke; wounds and injuries Abbreviations: ICC, intraclass correlation coefficient; NMA, network meta-analysis; RCT, randomized controlled trial.
INTRODUCTION
Worldwide, fire-related injuries result in more than 300,000 deaths (1) and 10 million disability-adjusted lifeyears lost (2) each year. Smoke alarms have been hailed as one of the most effective interventions to reduce fire-related injuries in higher income countries (1) , and it has been estimated that $28 in health care costs are saved for every $1 spent on smoke alarms in the United States (3) . Despite these findings, widespread adoption of smoke alarms in middleand low-income countries has not yet occurred (1) . Even in higher income countries, their use is not universal, and strategies to increase the prevalence of functioning alarms are still required.
Evidence from 3 previous meta-analyses shows that interventions to promote smoke alarms are effective in increasing smoke alarm ownership (4, 5) and the prevalence of functioning alarms (5, 6) . Each of these meta-analyses evaluated any intervention against a ''usual care or no intervention'' comparison group. The interventions comprised various combinations of education, home safety inspection, provision of free or low-cost smoke alarms, and fitting of alarms. Some of these interventions were aimed at only preventing fire-related injuries, while others aimed to prevent a range of injuries and also included the provision of education and other items of safety equipment. In reality, fire and rescue services, health care commissioners, and housing providers, among others, have to decide on the ''best'' intervention for increasing smoke alarm use. Doing so requires comparisons between these multiple interventions, and existing meta-analyses that combine effects across all interventions and compare them against usual care or no intervention can make only a limited contribution to these decisions.
Relatively recently, network meta-analysis (NMA) methods (7) (also known as mixed treatment comparison (8, 9) ) have been developed. This extension of standard (pairwise) metaanalysis enables simultaneous comparison of all evaluated interventions within a single coherent analysis; thus, all interventions can be compared with one another, including comparisons not evaluated within any of the primary studies. Such an approach is being increasingly used in health technology assessment when deciding on the optimal intervention strategy for a given medical condition (10) . The objective of our research was to evaluate the effectiveness of different interventions to increase the possession of functional smoke alarms by households. We believe this is the first application of NMA in the area of injury prevention.
METHODS

Study identification
For the NMAs, data were extracted from primary studies identified from a systematic review of reviews and a systematic review of primary studies published since the most comprehensive systematic review. These reviews were undertaken for a range of interventions to prevent fire-related injuries because the results were used for a number of related projects.
These reviews included overviews of systematic reviews, systematic reviews and meta-analyses of experimental study designs (randomized controlled trials (RCTs), non-RCTs, and controlled before-and-after studies) and controlled observational studies (case-control and cohort studies), and primary studies of experimental or controlled observational designs published since the most recently published systematic review. Studies that included children aged 0-19 years and their families and that provided a range of interventions to prevent fire-related injury, including those promoting smoke alarm use and maintenance, and that reported functional smoke alarm possession were included. Legislative interventions to promote smoke alarm ownership or function were excluded.
We searched Medline, Embase, Cinahl, ASSIA, Psychinfo, Web of Science, plus a range of other electronic sources, and we hand searched the journal Injury Prevention, abstracts from the first to ninth World Conference on Injury Prevention and Control, and reference lists of included studies. All databases were searched from inception until March 2009. Published studies in all languages were retrieved and translated as necessary. Although we did not actively seek unpublished reviews, they were included if they were found. The list of sources searched is given in Appendix Table 1 , and the search strategy used to search Medline and adapted as necessary for other databases is shown in the Appendix.
Titles and abstracts of articles were scanned independently by 2 researchers to identify articles to retrieve in full. When an article appeared to be eligible based on the title but an abstract was unavailable, it was retrieved in full. Full articles were independently reviewed by 2 researchers using a standard form listing inclusion criteria. Disagreement between researchers was dealt with by referral to a third member of the research team and consensus-forming discussions.
A standard data extraction form was used to extract data on type of study, participants, interventions, outcomes, and numerators and denominators in each treatment arm. If studies did not adjust for clustered allocation of intervention, the effective sample size was estimated based on the design effect using published intraclass correlation coefficients (ICCs) (6) or ICCs estimated from the individual participant data where the author(s) provided it. Data were extracted by 2 researchers independently and were compared. Any discrepancies were investigated by referral back to the original article by a senior member of the research team with prior experience in data extraction for systematic reviews. Authors were asked to supply individual participant data or unpublished aggregated data when the published data did not report numerators and/or denominators or ICCs for clustered data.
The quality of included primary studies was assessed by using allocation concealment, blinding of outcome assessment, and completeness of follow-up for randomized studies; and by blinding of outcome assessment, completeness of follow-up, and balance of confounders between treatment arms for nonrandomized studies. The quality of controlled observational studies (case-control and cohort studies) was assessed by using the Newcastle-Ottawa scale (11) .
Statistical methods
The main outcome for the NMAs was a household's possession of a functioning smoke alarm (yes/no) when comparing 1) alternative intervention strategies and 2) different types of battery-powered alarms. We did not consider possession of smoke alarms (regardless of functionality), although frequently used in evaluations of interventions to prevent firerelated injury, because a nonfunctioning alarm will not reduce the risk of house fires.
NMA (7) (8) (9) was used to compare all interventions by using all available data in a connected network of studies. For example, the following 4 interventions-usual care, education, smoke alarm giveaway, and home inspection-could be compared by using studies containing the following pairwise comparisons: usual care versus education, education versus smoke alarm giveaway, and smoke alarm giveaway versus home inspection. However, if only studies of usual care versus education and smoke alarm giveaway versus home inspection existed, then the network would be disconnected; in such cases, the analysis would be invalid.
It is important to note that, for randomized trials, this type of analysis preserves the within-study randomized treatment comparison of each trial while combining all available comparisons between interventions. More generally, it assumes that there is a consistency across evidence such that if, for example, an education arm had been included in the studies of usual care versus education þ equipment, the estimate of education versus education þ equipment would be consistent across studies (i.e., the underlying estimates are assumed to be identical or exchangeable depending on whether fixed or random effects are assumed) with education versus education þ equipment studies, and so forth (12) .
For these analyses, a standard NMA random-effects model with a binary outcome (8, 9) was fitted to the data. This model assumes that the degree of between-study within-comparison heterogeneity is constant across all intervention comparisons in the network, and the modeling also accounts for the correlation structure induced by trials with 3 or more arms (9, 13) . We obtained pooled estimates of intervention effects for all combinations of pairwise comparisons from the NMAs, and, for completeness, we present estimates from just the headto-head evidence for each pairwise comparison where available. We ranked intervention effectiveness based on absolute intervention effects (derived by using an underlying rate based on the usual-care arms) and calculated the probability that each intervention is best for a particular outcome (8) .
Heterogeneity and consistency
Heterogeneity of the network (i.e., the variability in treatment effects within pairwise comparisons above that expected by chance) (13) (14) (15) was quantified by using the betweenstudy standard deviation parameter. Consistency between the ''direct'' and ''indirect'' evidence of the data set was assessed by a method based on ''node splitting'' (16) . This method enables calculation of the mean treatment effect estimates based on the direct evidence (i.e., studies that directly compared the 2 treatments under consideration) and of those estimates based on the indirect evidence (i.e., the remaining studies in the network under the consistency assumption) (16) . Note that both direct and indirect evidence is available for only those pairs of interventions that are part of a closed loop in the network of interest (e.g., in Figure 1 there are 4 closed loops: 1) usual care vs. education vs. education þ low-cost/free equipment þ fitting; 2) usual care vs. education vs. education þ low-cost/free equipment; 3) usual care vs. education þ low-cost/free equipment vs. education þ low-cost/free equipment þ home inspection; and 4) usual care vs. education þ low-cost/free equipment þ home inspection vs. education þ low-cost/free equipment þ fitting þ home inspection) (9) .
To test for inconsistency (i.e., whether the direct and indirect evidence are estimating the same underlying treatment effect), we calculated the difference between the direct and indirect estimates and the probability that the direct estimate exceeded the indirect estimate for each pair of interventions for which inconsistency was being assessed. A 2-sided P value was then derived (using the formula 2 3 minimum (probability, 1 -probability) (16)).
Model evaluation
The posterior mean residual deviance (defined as the difference between the deviance for the fitted model and the deviance for the saturated model, where the deviance measures the fit of the model to the data points using the likelihood function (17, 18) ) was calculated to assess the goodness of fit of the model to the data. Under the null hypothesis that the model provides an adequate fit to the data, it is expected that the posterior mean residual deviance would have a mean equal to the number of unconstrained data points (19, 20) .
Exploring the effect of study quality
Because the quality of included studies varied, analyses regarding possession of a functional smoke alarm were repeated restricted to RCTs. All studies included in the analysis of battery type were RCTs.
All of the analyses were conducted by using a Markov chain Monte Carlo method (8) and were fitted in the WinBUGS software (18) . Further technical details of the analysis, together with the WinBUGS code, are available from the corresponding author. The analysis and subsequent reporting adhere to the PRISMA statement guidelines (21) .
RESULTS
The process of selecting studies related to all fire prevention interventions is shown in Figure 2 . We identified 205 reviews and primary studies as potentially eligible for inclusion in the systematic reviews of all fire prevention interventions. Included was a specific search for primary studies published since the 2 most relevant comprehensive systematic reviews (i.e., from 1996 onward) that included all study designs of interest (22, 23) . Of these 205 publications, we identified 57 primary studies and a further 22 reviews of fire prevention interventions. Scrutinizing the reviews for relevant primary studies for the smoke alarm NMAs and adding these to the primary studies identified directly from the literature search resulted in 38 primary studies. A further 14 studies were excluded because they reported data on only possession of smoke alarms (not possession of functioning smoke alarms), resulting in a final sample of 24 studies for inclusion in the smoke alarm NMAs. One of these studies (24) was excluded because it reported only outcome data for the intervention area (characteristics are shown in Appendix Table 2 ), leaving 23 studies for inclusion in at least 1 of the 2 NMAs (20 for possession of a functioning smoke alarm and 3 for type of batterypowered alarm).
The characteristics of the 20 studies included in the NMA of possession of functioning smoke alarms are reported in Table 1 . It can be observed that 7 interventions were evaluated and no single study compared all interventions directly. Fourteen (70%) of the 20 studies were RCTs, 4 (20%) were non-RCTs, and 2 (10%) were controlled before-and-after studies. Figure 1 displays a network diagram for this NMA; the different interventions are represented as nodes in the network, and the links between the nodes represent pairwise intervention comparisons extracted from the studies identified. Table 2 presents the characteristics of the 3 RCTs included in the NMA assessing type of battery-powered alarm. Four types of battery-powered alarms were identified and are displayed in the network diagram in Figure 3 . Figures 1 and 3 show that the studies identified did form connected networks, which is essential when applying NMA methods. Overall, study quality was assessed to be variable across studies (Tables 1 and 2 ).
Possession of a functional smoke alarm
The NMA estimated the 21 possible pairwise comparisons between 7 interventions (including usual care). These pooled estimates are reported in Table 3 , together with direct withintrial estimates where available. It can be observed that more ''intensive'' interventions were generally more effective. Thus, the intervention containing all components (i.e., education þ low cost/free equipment þ fitting þ home inspection) was identified as being the most likely to be the most effective (probability best ¼ 0.66, Table 3 also presents the direct within-trial pairwise estimates where available. The effect of study design on the NMA results was assessed by repeating the above analysis using only data from the 14 RCTs. In this analysis, both education þ home inspection and education þ low/free equipment þ fitting þ home inspection were identified as being the most likely to be the most effective (probability best ¼ 0.41 and 0.39, respectively) with estimated odds ratios versus usual care of 10.70 (95% From this NMA we obtained pooled estimates of the intervention effect for all 6 possible pairwise comparisons between 4 smoke alarm battery types for the outcome possession of a functioning smoke alarm (Table 5) . Ionization smoke alarms with lithium batteries were most likely to be the best type for increasing possession of a functioning alarm (probability best ¼ 0.69), followed by ''optical zinc'' (probability best ¼ 0.27), although there is considerable uncertainty Abbreviations: A, adequate allocation concealment; B, blinded outcome assessment; C, prevalence of confounders does not differ by more than 10% between treatment arms; CBA, controlled before-and-after study; F, at least 80% of participants were followed up in each arm; N, no; NMA, network meta-analysis; RCT, randomized clinical trial; U, unclear; Y, yes. regarding the magnitude of the relative effects, as indicated by the 95% credible intervals in Table 5 .
Model fit
Overall, the NMA models fitted the data well. The posterior mean residual deviance was close to the number of data points in each network (i.e., 40 .84 compared with 40 data points and 9.91 compared with 10 data points within the model for possession of a functional smoke alarm and battery type models, respectively).
Heterogeneity and consistency
The between-study standard deviation was estimated to be 0.77 (95% credible interval: 0.36, 1.51) for the NMA assessing possession of a functioning smoke alarm. Thus, heterogeneity is potentially considerable, whereas there is uncertainty in its estimation due to the relatively low number of studies providing direct evidence for each pairwise comparison.
Consistency was checked between the direct and indirect evidence of the data set by using node-splitting methodology. As noted in the Methods section, both direct and indirect evidence is available for only those pairs of interventions that are part of a closed loop in the network of interest. This checking resulted in 9 contrasts of interest for the possession of functioning smoke alarms network. Table 6 reports the log odds ratios for each of these contrasts estimated for the direct and indirect evidence from the node-split models, together with those obtained from the NMA. For possession of a functioning smoke alarm, only one potential inconsistency was identified (i.e., education vs. education þ equipment þ fitting (P value ¼ 0.04)), although a further contrast also had a borderline low P value ((usual care vs. education þ equipment þ fitting (P value ¼ 0.06)).
Although this analysis identified a potential inconsistency, the method does not automatically suggest which pieces of evidence are ''wrong'' in the networks. However, since only one study (25) supplied direct evidence for the contrast education vs. education þ equipment þ fitting, we were able to investigate the inconsistency by removing this study in a sensitivity analysis. The results of this sensitivity analysis did not change the rankings of the probability that each intervention was best, although the intervention with the highest probability in the original analysis (education þ equipment þ fitting þ home inspection) had this probability increase from 0.66 to 0.82. Note that for the type of battery-powered smoke Abbreviations: A, adequate allocation concealment; B, blinded outcome assessment; C, prevalence of confounders does not differ by more than 10% between treatment arms; F, at least 80% of participants were followed up in each arm; N, no; NMA, network meta-analysis; RCT, randomized controlled trial; U, unclear; Y, yes.
a The parenthetical letters correspond to the letters assigned to the different types of battery-operated smoke alarms shown in Figure 3 . alarm network, inconsistency could not be assessed because of the lack of direct and indirect evidence on contrasts from independent sources (i.e., there can be no inconsistency within contrasts derived from studies with more than 2 arms).
DISCUSSION
Principal findings
In this NMA, we were able to compare and evaluate the different interventions to increase the prevalence of functional smoke alarms in households. Doing so enabled comparisons of strategies not addressed in any of the individual primary studies. We showed that more ''intensive'' have a higher probability than less ''intensive'' interventions of increasing possession of functioning smoke alarms. Providing education þ low cost/free equipment þ fitting þ home inspection had the highest probability of increasing functional alarms. In terms of type of battery-powered alarm, our analysis showed that ionization alarms with lithium batteries had the highest probability of being the best intervention for increasing possession of functional alarms. These findings are an important addition to our knowledge about which interventions are most effective in promoting ownership of functional smoke alarms.
Strengths and limitations
To our knowledge, this is the first NMA of home safety interventions. It demonstrates the usefulness of NMA for comparing multiple injury prevention interventions and for teasing out the relative effectiveness of each. This type of analysis is particularly relevant to the field of injury prevention, where interventions are often complex and multifaceted and the number of studies evaluating the same comparisons is small. NMA methods are likely to be applicable to other home safety interventions and will become increasingly useful as further studies are completed. Results from NMAs are also likely to be more useful to policy makers, service commissioners, and providers when making choices between multiple alternatives than those from multiple, separate pairwise meta-analyses.
We found some evidence of inconsistency between direct evidence and indirect evidence in our analyses. We were unable to identify the cause of the inconsistency, which is common in such NMAs (much in the same way as the sources of heterogeneity often remain unidentified in pairwise metaanalysis). We did carry out a sensitivity analysis for the possession of a functioning smoke alarm network, but this step did not alter our conclusions, which gives some reassurance about the robustness of the analysis.
A further limitation of our analyses is that, although we were able to categorize the interventions we studied to a greater degree than in previous meta-analyses (4) (5) (6) , there is potentially still some ''lumping'' of interventions within these categories. For example, the intensity of education interventions may differ markedly between studies (i.e., from providing only educational information such as leaflets and brochures to providing intensive face-face teaching sessions on home safety), but we were not able to subcategorize because of the insufficient detail in many of the primary study reports. Similarly, different levels of usual care exist across the populations recruited in the primary studies. It would be helpful if future studies provided sufficient details of interventions to enable more detailed NMAs to be conducted.
The quality of studies included in our analyses was variable. Previous meta-analyses have found similar effect sizes for ownership of functional smoke alarms when restricting analyses to RCTs (5, 6), larger effect sizes among studies with unblinded outcome assessment (5, 6) , and conflicting findings in relation to allocation concealment (5, 6) . The effect of variable quality on the results was explored by rerunning the NMA analysis for possession of functioning smoke alarms using data from RCTs only, which resulted in the same 2 interventions having the 2 highest probabilities of being ''best.'' However, the probabilities of these being the ''best'' intervention were more similar when studies were restricted to RCTs. We chose not to explore the impact of other measures of quality (e.g., allocation concealment, blinding, and percentage follow-up) since such an analysis would be extremely limited because of the large number of parameters being estimated in the NMA relative to the number of studies and may even lead to disconnected networks. Therefore, work is required to further explore the effect of study quality on our findings, perhaps using fully Bayesian methods to inform the likely degree of bias in each individual study (26) .
Comparisons with existing work
DiGuiseppi et al. (5) found that interventions promoting smoke alarms provided as part of routine child health surveillance were effective in increasing functioning smoke alarms (odds ratio ¼ 1.96, 95% confidence interval: 1.03, 3.72). Similar to our findings, providing a discounted/free smoke alarm versus control or education only versus control did not Education þ equipment þ home inspection (4) 0.01 4 2, 6
Education þ equipment þ fitting (5) 0.05 4 1, 4
Education þ home inspection (6) 0.18 3 1, 7
Education þ equipment þ fitting þ home inspection (7) 0.66 1 1, 4
Abbreviation: CrI, credible interval.
result in a significantly greater prevalence of functioning smoke alarms.
A previous meta-analysis by some of the authors of this paper found that any home safety intervention promoting smoke alarms was effective in increasing functional smoke alarms (odds ratio ¼ 1.85, 95% confidence interval: 1.24, 2.75) (6) . Effect sizes appeared to be larger when smoke alarms were provided, when the intervention was delivered at home or in the community, and over shorter follow-up periods. Significant heterogeneity remained between effect sizes in several of these subgroup analyses.
The effect sizes in our NMA of possession of functional smoke alarms are larger than those reported in previous metaanalyses for all interventions, except education only. Our NMA may thus explain some of the heterogeneity in effect sizes found in previous meta-analyses. Our findings also suggest that meta-analyses combining all interventions may have underestimated the effect of more intensive interventions.
Recent meta-regression analyses found little evidence that interventions to promote functional smoke alarms differed in effectiveness by child age, gender, ethnic group, family type, or housing tenure (6). We did not explore variations in effect by such factors in these NMAs. It is plausible that some of the interventions examined in the NMA analyses may vary in effect by such factors; however, as for exploring variable study quality, we did not conduct such analyses because of the limited data available relative to the complexity such modeling would require.
We did not find any previous NMAs or any meta-analyses relating to type of battery-powered alarm with which to compare our work.
Implications for practice and research
Our findings suggest that the ''best'' intervention for increasing functional smoke alarms is one that provides education, provides and fits low-cost or free equipment, and provides a home safety inspection; and that ionization alarms with lithium batteries are the ''best'' type in terms of increasing the prevalence of functional smoke alarms. Smoke alarm promotion programs should ensure they provide the combination of interventions most likely to be effective. Knowing which interventions are most effective is important, but cost-effectiveness is an essential part of any decision-making process. The effect sizes from this NMA will be used in subsequent decision analyses to determine the most cost-effective interventions for increasing possession of functional smoke alarms. Because we found that the most intensive interventions are also the most effective, and because they will also be the most costly, such an analysis is crucial in establishing which interventions provide the best value for money.
Even though 20 studies were included in the NMAs for possession of functional smoke alarms, many comparisons contained only a small number of studies; hence, further studies are required to increase precision of effect estimates. Such studies could enhance the evidence base to a greater degree by reporting smoke alarm function and type of alarm and battery. Potential extensions to the NMA modeling could be explored, but, as discussed previously, although examining differential effects by child and family factors, exploring the effect of study quality, and categorizing educational interventions more finely would all be desirable, such analyses would be severely limited by the quantity of data available.
As future studies are published and added to these analyses, exploration of these studies and further investigation of possible inconsistency between direct and indirect estimates of effect will become increasingly feasible. Additionally, development of methods to incorporate individual-level data into NMA analyses is under way, which would greatly increase the power of analyses to explore the subject-level covariates identified above. Finally, it would be desirable to include outcomes from studies that reported possession of smoke alarms (regardless of functionality) in the analysis because including these additional data would increase statistical power (i.e., 7 of the 20 studies identified for this review also reported possession of smoke alarms, and a further 14 studies were identified that reported possession of smoke alarms only). This would be possible if both possession and possession of functioning smoke alarms outcomes were jointly modeled and inferences for each outcome borrowed information from the other through the relation between outcomes estimated from studies that report both outcomes (27) .
